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Abstract: A seriesof paracyclophanéerivativesthat hold chromophore®f varying conjugationlengthshas
beensynthesizedisingpalladium-mediatedouplingreactions. Thesemoleculesnimic solid-statanteractions
in main-chainpolychromophoreandconjugatecemissivepolymerssuchaspoly(p-phenylenevinylengPPV).
Their optical propertieggive insightinto the energeticof photoexcitationsocalizedin a discretechromophore
relative to a state containing the through-spacedelocalized paracyclophanecore. Thus, 4-vinyl[2.2]-
paracyclophanéb) is obtainedby reactionof 4-bromo[2.2]paracyclophan@) andethyleneusing Pd(OAc)
andP(o-tol)s. Similar reactionsstartingwith pseudoe- or pseudgp-dibromo[2.2]paracyclophan@da and4b,
respectivelypive the pseudos- andpseudgg-divinyl productg6a and6éb, respectively).Usingstyrenanstead
of ethyleneprovidesthe styryl-substitutedoroducts. Thus, 4-styryl[2.2]paracyclophan€’) is obtainedfrom
3 while pseudop- and pseudoe-distyryl[2.2]paracyclophanéla and 1b) are obtainedfrom 4a and 4b,
respectively. Compoundsla and1b canbe viewedasstilbenedimersthathavea pair of cofacialareneunits
at a fixed distance. Pseud@e-bis(4-vinyl-styryl)[2.2]paracyclophang) was preparedby reactionof CH,-
PPh with pseudop-bis(4-carboxaldehyde-styryl)[2.2]paracyclophariReactingd-(4-tert-butylstyryl)styrene
with 3, 4a, or 4b underHeck-typeconditionsgives 4-[4-(4-tert-butylstyryl)styryl][2.2]paracyclophanél0)
andpseudgp- andpseudos-bis[4-(44ert-butylstyryl)styryl][2.2]paracyclophati2a and2b), respectively.The
observedrendsin absorptionfluorescencandradiativelifetime of thesecompoundsirereportedandanalyzed
usingcollectiveelectronicoscillators(CEO) representinghe changesnducedin thereducedsingle-electronic
density matrix upon optical excitation. Comparisonof the CEO of the aggregatesvith the corresponding
monomeraisingtwo-dimensionaplots providesanefficient methodfor tracingthe origin of the variousoptical
transitionsby identifying the underlyingchangesn chargedensitiesand bond orders. For 5, 6a,b, 7, and
la,b the emissionis red-shiftedfrom the “monomeric” compoundand featurelessreminiscentof excimer
qualities. The emissionsof 9, 10, and 2a,b are similar to the “monomer” and display vibronic structure.
Thus, for the smallerchromophoresemissionoccursfrom a statecontainingthe through-spacelelocalized
paracyclophaneore. In thesituationwhereextendedchromophoresyith morestableexcitedstatesareheld
togethemwith the paracyclophaneore,the photophysic®f theindividual chromophoreslominates. The present
analysisis relevantto the designand synthesisof organicmoleculeswith desiredoptical properties.

Introduction

Theopticalrespons®f chromophoreaggregateprovidesan
importanttool in the studiesof intermoleculaiinteractionsand
bonding. Extensiveexperimentahndtheoreticalattentionhas
been devotedto studiesof clustersin supersonicbeams'?
J-aggregatesf cyaninedyes? supramoleculastructures, and
biological complexes(photosyntheticantennaeand reaction
centersy. It is possibleto treatthe aggregateasgiantmolecules
and employ methodsof quantumchemistryto calculatetheir
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electronic structure. Theseapproachesre limited to small
aggregate®’ An importantchallenginggoalof computational
chemistry is to relate the electronic statesand spectraof
aggregateso thoseof their basicbuilding blocks—the mono-
mers. By doing soit shouldbecomepossibleto get a better
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Stilbenoid Dimers

microscopidnsightinto thenatureof theirelectroniexcitations
and to predict qualitative featuresof complexlarge systems
using simple, readily availableinformation.

It is clearthatthe spatialrelationshipbetweerpolymerchains
controls to a significant extent important photooptic and
electroopticproperties,such as emissionquantumyield and
chargetransporbility, in emissivepolymers®® Morphological
irregularities and the statistical nature of chain lengths and
conjugationlengths,combinewith facile energy-transfepro-
cessesto make experimental probing of aggregatedsites
difficult. Despitethe importanceof theseinteractions,well-
definedmonomoleculamodelssuitablefor studyingintermo-
leculareffectsin theamorphousolid statearegenerallylacking.

In this paperwe report the photophysicsof a family of
paracyclophanéerivativesthat hold phenylenevinyleneainits
of varying complexity. The optical propertiesof thesedimers
areanalyzedusingthe recentlydevelopedollectiveelectronic
oscillator (CEO) approacH?-13

Compoundsontainingthe [2.2]paracyclophaneoré“ were
chosenbecausethey have provenvaluablein the inquiry of
bonding ring strain,andz—x electrondelocalizationn organic
moleculest®> It is possible with this framework to hold
chromophoreg closeproximity andto enforcecofacialoverlap
of two arenerings. Examinationof the photoopticalproperties
of this classof compoundsasgiveninsightinto the effect of
through-spacelelocalizationfor a pair of chromophoresn a
preciselydetermineddistanceand orientation. For example,
[2.2]paracyclophanéPc) behavessa pair of stronglyinteract-

.‘
<2

ing benzenerings and displays spectroscopideatureswhich
have been describedas analogousto those of a benzene
excimer® Bichromophoriadimerscontaininga[2.2]cyclophane
locuscanthereforemodelinterchromophoreontactsn the solid
statel”18

The synthesisand spectroscopigropertiesof the pseudo-
ortho andpseudapara isomersof distyryl[2.2]paracyclophane
(la and 1b) and bis[4-(4-tert-butylstyryl)styryl][2.2]para-
cyclophang2a and 2b) wasrecentlyreportedt®

J. Am. Chem. Soc., Vol. 120, No. 36, 1998 9189

Thesemoleculesrepresendimersof stilbeneand distyryl-
benzenandareinterestingn thattheymodelinterchromophore
contactsin main-chainpolychromophoresuch as poly(para-
cyclophan-1-ené9 and conjugatedpolymerssuch as poly(p-
phenylenevinylenejPPV).

+O

(PPV)

A questionof fundamentalimportancefor moleculessuch
as2a,b concernghe extentof delocalizationfor the inter-ring
state, since it plays an important role in determining the
frequencyandefficiency of emissionandbecausdt reflectsthe
ability of closelyspacedragmentgo delocalizethroughspace.
It is not clearhowthe energyof this stateis stabilizedby pendant
conjugatedragmentsor how this energycompareselativeto
an excitationlocalizedon a single chromophore.

In this paperwe dissectmolecules2a and 2b in order to
determinetherelativeenergief the stateandthe excited-state
localizedon a single chromophore. The optical propertiesof
lab and 2ab and their relationship to those of Pc are
understoodn the basisof the CEO approach.

Results and Discussion

Syntheses and Characterization. Derivatizationof Pc is
accomplishedvia electrophilic brominationas originally de-
scribedby Reichand Cram?! Reactionscarriedout using 1
equiv of bromineyield monobromo[2.2]paracyclophat(8) in
high yield. However,reactionscarried out using 2 equiv of
bromine are known to give a mixture of four dibromo[2.2]-
paracyclophaneisomers. Becausethe pseudop-dibromo-
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Figurel. ORTEPdrawingof 4b at30% probability.Hydrogenatoms
are not shown.

[2.2]paracyclophane,4a, and the pseudoe-dibromol[2.2]-
paracyclophanedb, isomerscan be obtainedin reasonable
yields,we havechosertheseassuitablestartingmaterials Due
to its poor solubility, 4a can be obtainedin pure form upon
recrystallizationof the crude product mixture from a warm
solution of chloroform and hexanes. The filtrate following
recrystallizationmay then be subjectedo columnchromatog-
raphy (silica, hexanes}o obtain4b which is the mostpolar of
the dibromoisomersand eluteslast from the column.

S

26% 16% 6% 5%
(4a) (4b)

More recently,de Meijere and co-workershavedescribeca
solid-phasebrominationof Pc using brominevaporto obtain
4b following purification by columnchromatograph$? How-
ever,spectroscopicharacterizationf this materialis identical
to publishedvaluesreportedfor 4a.23 Giventhe uncertaintyin
isomerassignmentwe consideredt prudentto independently
confirmthe structureof 4b. High-quality singlecrystalsof 4b
were obtainedupon slow diffusion of hexanednto a concen-
tratedCHCl; solution. As shownin Figure 1, this experiment
unambiguoushconfirmsCram’soriginalcharacterizationMet-
rical dataobtainedfor 4b arevery similar to publishedvalues
for related2.2]paracyclophaneompound@* Thebondlengths
and anglesobtainedfor 4b are similar to valuesreportedfor
the pseudopara isomer,4a, exceptthat the inter-ring torsion
anglein the pseudoertho isomeris significantly larger,presum-
ably to minimize steric interactionsbetweenthe two large
bromineatoms(C1-C7—C8—C9= 19.0 vs5.8 in thepseudo-
para isomer)?>

A variety of stilbenoidderivativesincorporatingthe Pc core
can be preparedfrom the appropriatebromo-paracyclophane
derivativesusingstandardHeck couplingprocedures.Monovinyl-
[2.2]paracyclophane is obtainedin 85% yield uponheating
a dimethylformamidesolution of 3 sealedin a high-pressure
steel bomb under ethylene(100 psi) and in the presenceof
excesNEt; anda catalyticmixture of Pd(OAc) andP(o-tol)3
(o-tol = o-tolyl, seeeql).

(22) Kdnig, B.; Knieriem,B.; de Meijere,A. Chem. Ber. 1993, 126, 1643.
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Br K
®) (5)

Pd(OAc),
P(o-tol)3

_

A similar procedurecarried out using the dibromo[2.2]-
paracyclophaneompounds4a and4b providesthecorrespond-
ing divinyl derivatives,pseudop-divinyl[2.2]paracyclophane,
6a, andpseudoe-divinyl[2.2]paracyclophanegb, respectively
in yields greaterthan 90% (eq 2). Compoundsb and 6a are

S
214
Pd(OAC) Pd(OAC) H
P(o-tol); Plo-tol); D
X X
6b 6a

known in the literature;however,to our knowledgesynthetic
details have not been publishedin the caseof 6a.26 The
monovinyl derivative was previously preparedin three steps
by FriedelCrafts acylationof Pc, followed by reductionof
theacetylintermediateo the correspondinglcoholandthermal
dehydratior?” TheHeckcouplingprocedureoffersadvantages
in termsof syntheticeaseandimprovedyields.

Palladium-mediatedouplingof styrenewith the appropriate
bromoparacyclophargerivativesprovidesan efficient routeto
the correspondingstyrylcyclophanecompounds. While the
traditional Heck catalystsystend® composedof a mixture of
Pd(OAc) and P(o-tol)s is effective for this reaction,isolated
yieldsaretypically lessthan50%. Improvedyieldsareobtained
for the phase-transfecatalyst systemdevelopedby Jeffery,
composedf a mixture of Pd(OAc) with excessK,CO; and
NBusBr.2° In fact, this syntheticprocedurehasbeenpreviously
employedby de Meijere and co-workersin the synthesisof
styryl[2.2]paracyclophané?) from 3.22 Wittig chemistryhas
also proven useful in the preparationof compoundsof this
type3°

Extensionof this reactivity to compoundsta and4b gives
the pseudop-distyryl[2.2]paracyclophanela, and pseudoe-
distyryl[2.2]paracyclophanelb, as shownin eq3. Theseare
highly crystalline materials which have been structurally

(23) Reich,H. J.; Cram,D. J. J. Am. Chem. Soc. 1969, 91, 3534.
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Stréhle, J. Organometallics 1996, 15, 260.

(27) lwatsuki, S.; Itoh, T.; Kubo, M.; Okuno,H. Polym. Bull. 1994, 32,
27.

(28)Heck, R. F. Org. React. 1982, 27, 345.
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(30) (a) Schenk,R.; Gregorius,H.; Meerholz,K.; Heinze,J.; Millen,
K, J. Am. Chem. Soc. 1991, 113, 2634. (b) Hopf, H,; Mlynek, C.;
El-Tamany,S.; Ernst,L. J. Am. Chem. Soc. 1985, 107, 6620.
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characterizegreviouslyandareeasilypurified by chromatog-
raphy. Blue emissiorfrom bothcompoundss readilyapparent
to the eye.

Crystals suitable for X-ray structural analysis have been
obtainedor 7 by allowing a hexanesolutionto slowly evaporate
andanORTEPdiagramis shownin Figure2. Thebondlengths
andanglesobservedor the cyclophaneortionof 7 aresimilar
to Pc, in keepingwith the rigid natureof this structuralunit.
Otherthanpuckeringof oneof thearenegcyclophaneportion),
the bondlengthsand angleswhich define a trans-stilbeneunit
in 7 are very similar to trans-stilbeneitself31 For example,
trans-stilbeneis approximatelyplanarwith asmalltorsionangle
of 5.2° betweenthe plane of a benzenering and the alkene
portion of the molecule. In comparisonthe related torsion
anglesin 7 are —6.08(22) (C15-C16—C17—-C18)and6.73-
(15 (C20-C19-C18-C17). The respective C=C bond
lengthsarealsoquite similar, (1.326(2)in 7 versusan average
valuefor trans-stilbeneof 1.336(10))asarethe anglesaround
the alkenecarbons(C18—-C17—-C16 = 127.28(14)and C17—
C18-C19= 127.20(14)omparedo 126.0in trans-stilbene).
The essentiallyunperturbedstilbenestructurethat is observed
for 7 is mirroredin the structuraldatathathavebeenpreviously
communicatedor 1la and1b, which alsorevealunremarkable
structuralparametersvith respecto trans-stilbene.

The conjugationlengthof the stilbenoidcompoundsonsid-
eredherecanbe extendedy oneadditionalvinyl unit relative
to 1a. A convenientapproachs to couple4-bromobenzalde-
hyde with the divinyl derivative,6a to give pseudop-bis(4-
carboxaldehydestyryl)[2.2]paracyclophaBe, Treatmentof 8
with CH,PPh yields the desiredpseudop-bis(4-vinylstyryl)-
[2.2]paracyclophan€) (eq 4).

HO

Br

Vinylstilbeneunitscanbereactedwith 3, 4a, or 4b to provide
distyrylbenzenoid-typecompounds. The requisite 4-(4-tert-
butylstyryl)styrene(TBSS) units are obtained by dropwise
additionof LIOEt (1 M in EtOH) to an Et,O slurry/solutionof
4-vinylbenzylphosphoniunchloride and 4-tert-butylbenzalde-
hyde. Althoughthis proceduregivesa mixture of bothcis- and
trans-stilbeneisomers the former canbe isomerizedguantita-
tively to the desiredtrans isomeruponheatinga dilute hexane
solutionwith afew crystalsof iodinefor severahours. Addition

(31) Hoekstra,A.; MeertensP.; Vos, A. Acta Crystallogr. 1975, B31,
2813.
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cy U8

Cl24)

Figure 2. ORTEPdrawingof 7 at 30% probability. Hydrogenatoms
arenot shown.

of TBSS to 3 in the presenceof Pd(OAc) resultsin the
formationof 10 asshownin eq5.

Pd(OAc),

CMe, O (10)

Two equivalentsof TBSS can be coupledwith 4a or 4b to
give compounds2a and 2b in moderateyields (eq 6). These

are bright fluorescentyellow compoundsthat are solublein

aromatic,aliphatic, and halogenatedolvents. The nonlinear
dispositionof substituentsnakes2b moresolublethan2a. In

general,all pseudoertho isomersare more solublethantheir
pseudagpara counterparts.

1H and13C NMR spectroscopyrovide unambiguousproof
of structurefor all new compounds. For example,the mono-
substitutedcompoundss, 7, and 10 are chiral which resultsin
four methyleneresonances the 3C NMR spectra. Disubsti-
tution resultsin highersymmetryandgreatlysimplified spectra.
Figure 3 showsthe IH NMR spectrafor the seriesof pseudo-
para isomers6a, 1a, 10, and2a.

Photooptical Properties. This sectiondescribeshe absorp-
tion andemissionspectraof the moleculesdescribedabove.ln
somecaseshe photoopticalpropertiesof the paracyclophane
dimer are comparedwtih thoseof compoundswhich serveas
monomermodels. Overall, the collectedbody of data,sum-
marizedin Table 1, highlightsthe effect of delocalizationand
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Tablel. Summaryof Absorptionand EmissionData®
lmax
compound absorption emissiof
5 281 374
6a 254 394
6b 288 386
7 318 386
la 307 412
1b 264,325 401
1c 294 338,355
9 338 390,409
10 366 403,427
2a 369 307,430
2b 355 408,431
2c 349 391,355

a All measurementism hexaneat room temperature? For emission
with vibronicstructurghetwo highesenergypeaksarereported ¢ Split
peakin absorbance.

orientationon the photophysicof the bichromophoricpair. It
alsoallowsfor acomparisorof therelativeexcited-statenergies
of the through-spacealelocalizedstate with the energiesof

increasinglyconjugatedandhencemorestable chromophores.

Figure 4 containsthe absorbancend emissiondataof 2a,
2b, and4-(2,5-dimethylstyryl)-4tert-butylstilbene(2c). Unless

otherwisestatedall measurementa/ere madeusing spectral-
gradehexaneassolvent. Theabsorbancandemissionspectra
of 2c are characteristicof the distyrylbenzenechromophore
which is representativef a small oligomericunit from a PPV
chain. A red-shiftof ~15nmis observedn theabsorbancef
the “dimers” 2a and2b relativeto 2c but overallthereis little
differencein thesespectra. Theemissionfrequencie®f 2a and
2b areindistinguishableand their 16-nm red-shift, relative to
the emissionof 2c, can be accountedfor by the inherent
deformationsbroughtaboutby the ring strain of the paracy-
clophanecore (alsonotethe emissionspectrunof 10 in Figure
8). Note also that all the emissiondatain Figure 4 retain
vibronic structure.

Spectrafor compound arepresentedn Figure5. Relative
to 2a both absorbancend emissionare blue-shiftedand the
emissionbandis broaderbut containsa shoulder,suggestive
of vibronic structure.

The photoopticalpropertiesof 1a and1b arecomparedwith
thoseof 2,5-dimethylstilbendlc) in Figure 6. Thesespectra

O

1c

showa red-shiftof ~13 nm for the absorbancspectrunmof 1la
relativeto 1c. More pronouncedlifferencesareevidentin their
respectiveemissionspectralemid1a) = 412nmvs Zemid1¢) =
355 nm). Whereaslc revealsvibronic definition, the broad
band shapeand larger Stokesshift for 1la mimics that of
excimers'® The emissionof 1b is similar to that of la.
However,the proximity of the two alkeneunitsin 1b appears
to split the absorbanc®and(1aps = 264 and 325 nm) relative

Bazan et al.

to 1c. Theratio of thetwo absorptiorbandsfor 1b is foundto
be independenbf temperature. To addresghe possibility of
an equilibriium betweentwo different conformerswhich give
rise to the two absorptionbands,we have also carried out
variable-temperaturéH NMR studies. In theseexperiments
no evidencefor a secondspeciesvasobservedo —78 °C, nor
did we note significant temperaturedependencef the reso-
nances. Furthermoregalculatedabsorbancepectrausingthe
X-ray coordinatesof 1b matchthe experimentallymeasured
absorbancepectra(vide infra, Figure 12).

Vibronic structurein the emissionof paracyclophandimers
will becomehighly significantlaterwhenthedelocalizatiorand
energeticsof the emitting stateare examinedand compared.
The low-temperaturg77 K) emissiondatain a methyltetrahy-
drofuranglassfor 1a, 9, and2a aredisplayedn Figure7. Note
thatthevibronic structurebecomebetterdefinedwith increasing
conjugatioriength. Theemissionof 1a is broadandfeatureless
while that of 2a is sharp. Compound9 appearsto be an
intermediatesituation.

The spectroscopidatafor the monosubstitutedlerivatives
7 and10, shownin Figure8, closelymimic thetrendsobserved
for the symmetricdimers. The emissionof 7 is broad and
notably red-shifted from the parent dimethylstilbenechro-
mophorewhile the propertiesof 10 aresimilarto thoseobserved
for 2c. Also significantis that 1a (Aemis = 412 nm) emits at
longerwavelengthgelativeto 7 (demis = 382 nm), suggesting
an excitedstatefor la thatis diffusedto a certainextentover
the entire molecule.

Datafor the configurationalisomers6a and6b aregivenin
Figure9. Their absorptiorspectradiffer, asis the casefor 1a
and 1b, implying ground-stateelectronic effects which are
dependenpntherelativeorientationof thetwo styrenesubunits.
For both 6a and 6b emissionlacks vibronic structureandthe
emissionof 6a is ~8 nm red-shiftedfrom thatof 6b. Finally,
Figure 10 gives the spectrafor the two compoundswith the
mostrestricteddelocalizationyinylparacyclophané€5) andPc
itself. Noticethesignificantred-shiftof 5 relativeto Pc. This
observatiorand the further red-shiftsobservedfor 6a and 6b
are evidenceof stabilization of the emitting speciesupon
substitutionof Pc with vinyl units.

Calculational Details

Themodelingof chromophorexggregatess simplified when
the chromophoresirewell-separatedh spaceandtheir interac-
tions are purely Coulombic (electronexchanges negligible).
Eachchromophore¢henretainsts own electronsandthesystem
may be describedusing the Frenkelexciton Hamiltonian32-33
This allowsthe perturbativetreatmenbf intermoleculaiinterac-
tions. The situationis much more complexwhen electronic
statesare delocalizedamongthe chromophores.No obvious
perturbativetheory exists in this case. The calculationsof
optical excitationsaretediousand provide no simplerulesfor
predictingspectroscopitrends.

The collective electronic oscillator (CEO) approack-13
providesa new effective computationakchemefor electronic
excitationsof largemolecules. The input to the calculationis
the reduced single-electrondensity matrix3*%> pm = 4|

(32) Pope M.; Swenberg(. E. Electronic Processesin Organic Crystals;
ClaredonPress: New York, 1982.

(33) Silinsh, E. A.; Cgek, V. Organic Molecular Crystals; AIP Press,
Americanlinstitute of Physics: New York, 1994.

(34) McWeeny, R.; Sutcliff, B. T. Methods of Molecular Quantum
Mechancis; AcademicPress: New York, 1976.

(35) Davidson E. R. Reduced Density Matrices in Quantum Chemistry;
AcademicPress: New York, 1976.
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Figure 3. 'H NMR spectrain the aromaticand olefinic regionfor (a) 6a; (b) 1a; (c) 10, and(d) 2a.

9 210° 0.7 810’

3 2a m 0.6 ° 710 m

S08 3 g

3 1.510° § —_ | 6107 2

2 5 3 0.5 2.

§ 5 s Ls10 S

2 06 5

S = 9 0.4 5

2 110° 3 = -410" @

< 0.4 Qg’ g 0.3 2,

§ . = § -3 10 ’~<':

E 510 9 < 029 L2107 §

€ 02 e H

2 0.1 10 2

0 T 7 T T T — O 0 — T T T T —-0
250 300 350 400 450 500 240 280 320 360 400 440 480
Wavelength (nm) Wavelength (nm)

Figure 4. Absorptionand emissiondatafor compound<2a, 2b, and Figure5. Absorptionandemissiordatafor compound. Theemission
2c. Emission spectrawere measuredoy exciting at the absorption spectrumwas measuredy exciting at the absorptionmaxima.
maxima.
c;cn|ngherec; (cm) are creation(annihilation) operatorsof representthe electronic charge density at the a-th orbital,
an electronat the m-th atomic orbital, and |g0is the ground- whereaghe off-diagonalelementsm = n, revealthe bonding

statemany-electrorwavefunction. The diagonalelement$n structure(i.e., bondorders)associatedvith eachpair of atomic
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Figure 8. Absorptionand emissiondatafor compounds7 and 10.
Emissionspectraveremeasuredby excitingatthe absorptiormaxima.

orbitals36-3% When the moleculeinteractswith an external
driving field, its electronic density matrix acquiresa time-
dependentomponen®p(t) which canbe expandedas

op(t) = Y a,(ME, +ar (HE )

a,(t) are time-dependenéxpansioncoefficientsand the elec-
tronic normal modes &, representheopticaltransitiondetween

(36) SzaboA.; Ostlund,N. S.Modern QuantumChemistry: Introduction
to Advanced Electronic Sructure Theory; McGraw-Hill: New York, 1989.

(37) Mulliken, R. S.J. Chem. Phys. 1995, 23, 1833;1841;2338;2343.

(38) (a) Reed A. E.; Curtiss,L. A.; Weinhold,F. Chem. Rev. 1988, 88,
899.(b) Reed A. E.; Weinstock,R. B.; Weinhold,F. J. Chem. Phys. 1985,
83, 735.

(39) (a) Lowdin, P. O. Phys. Rev. 1955, 97, 1474.(b) Lowdin, P. O.
Adv. Phys. 1956, 5, 1.
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thegroundstate|gCandanelectronicallyexcitedstatelvCl Their
matrix elementsare given by

(&) = BICyC,lo0 (8)

Theelectronicmodesdescribecollectivemotionsof electrons
andholesandcarrysubstantiallylessinformationthanthe many-
electron eigenstatesbut more than required for calculating
molecularpolarizabilitiesand spectroscopiobservables.The
diagonalelements(&,)nn representhe net chargeinducedon
the n-th atomic orbital by an externalfield, whereaq&,)m m
Z nis thedynamicalbondorderrepresentinghejoint amplitude
of finding anelectronon orbital m anda hole on orbital n. Even
though eq 8 involves matrix elementsof the global many-
electroneigenstatesv> and|gl) the CEO canbe obtainedas
eigenmodesof the linearized time-dependentHartree-Fock
(TDHF) equationsof motion for the time-dependentlensity
matrix driven by the external field, totally bypassingthe
calculationof many-electroreigenstates.Theeigenfrequencies
©, of these equations provide the optical transition
frequencied® 12 Thefrequency-dependetihearpolarizability
o(w) is representedh the form

5
o= Z Q% — (w+il? ©)

wheref, = 2Q,[Tr(u&,)]? is the oscillator strengthof the g to
v transition, T is the line width, and # is the dipole moment
operator.

Normal modesare commonly usedin the description of
molecularvibrations. They are collective coordinateswhich
representoherenimotionsof thevariousatoms. Similarly, the
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Figure 11. Structuresandatomlabelingof Pc, stilbenoidmonomerg1c, 2c), anddimers(1a, 2a, 1b, 2b).

CEO approachallows us to interpretand visualize electronic
motionsin termsof collectivemotionsof the electronicdensity
matrix. To computetheelectronicmodeswe furtherdeveloped
the density-matrix-spectral-momentalgorithm (DSMA)1213
whichis a numericallyefficient schemeor solvingthe TDHF
equations. The procedureinvolves computing the set of
effectiveelectronicmodeswhich providethe bestapproximation
for the spectrumwith a given numberof modes. Making use
of the Lanczosalgorithm, it allows us to focus solely on the
main oscillatorswhich contributeto the optical response.The
DSMA makesit possibleto computeoptical spectraevenfor
very large moleculeswith hundredsof heavyatoms!213

The CEO approachhasbeenappliedpreviouslyto explain
the responseof naphthalenalimersand trimers'© in termsof
monomerresponsdunctions. Thesestudiesusedthe simple
Pariser-Parr—PopleHamiltonian. The presentwork usesthe
higherlevel INDO/S Hamiltonian,a different, more compact
definition of the CEO (basedon the electror-hole part of the
densitymatrix) andthe improvedDSMA 1213

Electronic M odes of the Monomeric Building Blocks. The
moleculesstudiedalongwith their atomiclabelingaredisplayed
in Figure11. We consideredhe dimer structuresla, 1b, 2a,
2b, themonomeiunits1c, 2c, aswell asPc, whichis thecentral
piece of all dimers studied. Ground-stategeometrieswere
obtainedusing the crystal X-ray diffraction datagivenin ref
1941 The ZINDO codewas utilized to generatd NDO/S*2:43

(40) WagersreiterT.; Mukamel,S. J. Chem. Phys. 1996, 105, 7995.

(41) Thegeometriesvereexperimentallymeasuredor moleculesla and
1b; the geometrienf Pc and 1c were extractedfrom l1a X-ray data;the
geometrieof 2a, 2b, and 2c wereassembledrom 1a and 1b X-ray data
by elongatingthe stilbeneunits.

(42) StavrevK. K.; Zerner,M. C.; Meyer,T. J.J. Am. Chem. Soc. 1995,
117, 8684.

(43) Broo, A.; Zerner,M. C. Chem. Phys. 1995, 196, 407; 1995, 196,
423.

Hamiltonianandthe CEO/DSMA procedurevasthenapplied
to computethe linear absorptionspectra. In all calculations
we usedthe empiricalline width I' = 0.2 eV, andsatisfactory
convergenc®f the linear absorptionwas achievedusing 10—
15 effective electronicmodes.

The calculatedspectraof the monomerslc and 2c are
displayedin Figure 12 (solid lines). Experimentalabsorption
andfluorescencepectraareshownby dashedinddottedlines,
respectively. We denotedhe loweststrongabsorptiorpeakof
1cand2casll. (Thereasorfor this notationwill becomeclear
in the next sectionwherewe considerthe dimer spectra.)No
geometryoptimizationwascarriedoutandno parametersvere
tunedor rescaled. Neverthelesghe theoreticalspectraare in
excellentagreementvith experiment?

To explorethe origin of the variouspeakswe examinedthe
collectivemodescorrespondindo theseelectronicexcitations.
By displayingthe matrices&, usingtwo-dimensionaplots, we
establisha direct real-spaceconnectionbetweenthe optical
responseandthe dynamicsof chargesuponoptical excitation.
The size of the matrix is equalto the numberof carbonatoms
in the molecule,labeledaccordingto Figure 11; the ordinate
andabscissaepresentin electronanda hole, respectively.

Panellc(p) in Figure 13 displaysthe ground-statedensity
matrix p of 1c. Thedensitymatrixis dominatedy thediagonal
andnear-diagonatlementsteflectingthe bondsbetweemearest
neighbors. The aromaticrings (cornersof the matrix) andthe
vinylic doublebond(centerof the matrix) areclearlyidentified.
1c(ll) showsthe electronicmodeof peakll in 1c. This mode
is completely delocalizedover the entire moleculewith the
strongestoherenceoff-diagonalelements)n thedoublebond

(44) In the ExperimentaSectionmeasurementkc and2c aresubstituted
at positions2 and5 by methyl groups;2c is substitutedat position 22 by
tert-butyl group;2a and2b aresubstitutecat 1 and48 by tert-butyl groups.
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Figure 12. Calculated(solid lines) and experimentaldashedines)

absorptiorspectraandexperimenta(dottedlines)fluorescencepectra
of the moleculespresentedn Figure11.

of the vinylic group. The following two modesof stilbene
(2c(INA) and1c(llIB)) arelocalizedonthefirst andthesecond
arenerings, respectively.

The second column in Figure 13 shows the dominant
electronicmodesof 2c. Theyhavebasicallythesameproperties
asthe correspondingnodesof the shortermoleculelc. The
delocalizednodell is significantlyred-shifted. Our calculations
lumpedall localizedtransitionslll to a single effective mode
localizedat the phenyls.

Before turning to the dimer spectrawe shall examinethe
calculatedabsorptionspectrumof Pc which in an important
commonunit of all dimersstudied. The electronicproperties
of Pc havebeenextensivelystudied*>#® The calculatedand
experimentalspectraof Pc are displayedin the top panelin
Figurel2. We considethreeelectroniexcitations.Thelowest
transitionIA with frequencyQa = 3.95eV is forbiddenin
linearabsorptiorandcomparewnell with experimen(4.1eV)4”
IB is thefirst peakin absorption(Q;g = 4.77eV) with aweak
dipole alongthe benzendong axis. Peaklll (Qqp = 5.5eV)
dominateghe absorption. Our calculatedrequenciecompare
well with experimen(4.06,5.12,and5.42eV) 46 Pc(p) shown
in Figure13 representthe ground-statelensitymatrix 5 of Pc.
The aromaticrings at the cornersandtwo bridge shouldersin
the center are clearly identified. Pc(lA) shows the lowest
electronicmodesin Pc. The excitationis localized on the
aromaticringsandshowsthe strongelectroniccoherencéwhich

Bazan et al.

is a signatureof chargedelocalizationpbetweenthem. Pc(IB)

is alsodelocalizedover the entire moleculebut with a weaker
coherencéetweeraromaticringsthanPc(lA). In contrastthe
Pc(Ill) modeshowsvery small chargedelocalizationbetween
arenerings. ModeslA andIB aredelocalizedandaretherefore
red-shiftedcomparedo modelll whichis localizedonthearene
rings. Due to its localized nature,mode Il hasroughly the
samestructureand transition frequency(5.3—5.4 eV) for all

threemoleculesPc, 1c, and 2c.

Electronic Modes of Dimers. Panella(p) in Figure 13
displaysthe ground-statelensitymatrix 5 of 1a. Theplotshows
that dimerizationhardly affectsthe groundstate. The density
matricesof thePc(p) and1c(p) unitscanbe easilyidentifiedin
the densitymatricesof 1a. The ground-statelensitymatrices
of otherdimers(not shown)behavesimilarly.

We nextturn to the optical excitationsof the dimers. Panel
1a(IA) of Figure14 showsthelowestfrequencyelectronicmode
IA of 1a. This modeis virtually the sameas Pc(IA). It is
essentiallylocalized on the paracyclophanehas a vanishing
oscillator strength,and representshe charge delocalization
betweenmonomers. The following mode1a(IB) corresponds
to Pc(IB) andsimilarly hasaweakoscillatorstrength. However,
the small delocalizatiorto neighboringvinylic groupsleadsto
dramaticred-shiftin frequencyfrom 3.95t0 2.91 eV for 1A
andfrom 4.77t03.04eV for IB.

Mode 1a(llA) resemblesmode Il of the monomer 1c
(diagonal blocks), but shows some electronic coherences
betweerchromophoresoff-diagonalblocks). The structureof
1a(1IB) is similar to 1a(llA) but it showsa slightly different
distribution of coherencesnd strongerchargedelocalization
betweenmonomers. The coupling of the monomericmodes
1c(ll) leadsto a Davydov-likesplitting resultingin modeslIA
andIIB in the dimers?® The frequencysplitting reflectsthe
interactionstrengthbetweenmonomers. The high-frequency
mode1a(lll) is localizedmostly on the aromaticrings at the
edge andweakly penetrateso the centralPc unit, with asmall
traceof opticalcoherencebetweerthe monomers. This mode
showsaboutthe sameocalizationpropertiesas1c(ll). Wethus
concludethatthe electronicexcitationsof the dimer 1a canbe
constructedrom theexcitationsof its Pc and1c units, perturbed
by interactionbetweenmonomers.

We next compareelectronicmodesof different dimersto
investigatehow geometry and monomersize affect charge
delocalization. The secondcolumn in Figure 14 showsthe
electronicmodesof 1b (for atomlabelingseeFigure12). The
dominantoptical excitationsof thelargerdimers2a and2b are
displayedin the third andfourth columns.

The lowest frequency modesIA and IB and the high-
frequency mode Il are localized and hardly changeupon
dimerization. ModeslA with frequency2.9 eV andmodelB
with frequency3 eV originating from Pc(lA) and Pc(IB),
respectivelyarevirtually the samefor all four dimers. Mode
[Il which canbe attributedto 1c(lll) and2c(lll) is localizedon
theareneringsandshowsaweakchargedelocalizatiorbetween
monomersfor all four molecules. However, it has a quite
different diagonaldistribution of optical coherencegor short
(1a, 1b) andlong (2a, 2b) dimers. Thelocalizednatureof mode
1l explainstheinvarianceof its transitionfrequency(5.3—-5.5
eV).

(45) Canuto,S.; Zerner,M. C. J. Am. Chem. Soc. 1990, 112, 2114.

(46) Iwata, S.; Fuke,K.; SasakiM.; NagakuraS.; Otsubo,T.; Misumi,
S. J. Mol. Spectrosc. 1973, 46, 1.

(47) Experimentallythis transitionis weakly vibronically allowed by
borrowing intensity from 1B (ref 45). It can be seenby plotting the
experimentalabsorptionin logarithmic scale. The fluorescenceof Pc
originatesprimarily from IA (ref 45).

(48) The term “Davydov splitting” usually refers to the splitting of
degeneratetatesin molecularaggregatesnd crystalsin which intermo-
lecularinteractionsareelectrostaticandaredescribedy the Frenkelexciton
Hamiltonian.In contrastthe couplingbetweerelectronicmodesin dimers
includes electrostaticas well as exchangeinteractions,which result in
interchromophoreelectroniccoherenceThesemay not be describedby
Frenkelexciton Hamiltonian.
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Table 2. ExperimentallyDeterminedQuantumYields
compound Dp (%)
la 30
2a 56
2c 62
Table 3. Double ExponentialFits to the Fluorescenc®ecayafter
Deconvolutionfrom the InstrumentimpulseResponse
compound 1 B T2 B,
la 5.2 71 2.0 29
2a 12 100
2c 11 100

aThe time dependenceof the fluorescenceintensity [K(t)] was
modeledusingtheequationls(t) = B, exp(—t/71) + B, exp(—t/z;) where
71 andr, denotdifetimesandB; andB, arethe amplitudecoefficients.
On thebasisof multiple measurementshe relativeerroron the values
of 7 and B wasapproximately+5%.

The bulk (delocalized)modell appearingn the spectraas
peaksllA andlIB changesignificantlyupondimerizationand
showschargedelocalizationwhich dependson the molecule.
Comparisonof IIA and IIB leadsto the following observa-
tions: (i) chargedelocalizatioris muchstrongerfor molecules
with ortho (1b and2b) thanwith para (1a and2a) orientation
becausehevinylic groupswherethe monometbulk modell is
concentratedn 2b aregeometricallycloserwith separatiorof
abou 4 A and strongly interactwith eachother; (i) charge
delocalizationis strongerfor the shortermoleculeq1a and1b)
comparedvith 2a and2b becauseén the formerthe electron—
hole pair “spendsmore time” on the Pc unit which promotes
chargedelocalization{iii) thestrongerthe chargedelocalization
betweermonomersthelessllA andlIB resemblehe original
1c(I) and2¢(Il) modes. The splitting dependson the optical
coherencebetweermonomersn the mode. For example,1b
exhibits the strongestcoherencesn mode Il and showsthe
largestsplitting ~0.9 eV betweenllA andlIB peaks. 2a has
the weakestcoherencesn modell, showinga much smaller
splitting~0.3eV. IIA is muchstrongeinabsorptiorcompared
to 1IB, which leadsto a single peakspectrumof typell.

Fluor escence Lifetimes Stokes Shiftsand Quantum Yields.
Emissionquantumyields (®p1) and fluorescencedecaymea-
surementgrovide information complementaryto the steady-
statedataand give insight into the dynamic processe®f the
excitedstate. In this sectionwe comparethe lifetime decay
propertiesof compoundsla and2a with thoseof the “parent”
chromophoreslc and 2c. The electronicdescriptionof the
monomersanddimers,given above,shouldbe consistenwith
thesemeasurements.

Table 2 containsexperimentallydetermined®p, valuesfor
1la and2a,c underidenticalconditions. Exactdetailsfor these
determinationsarefoundin the ExperimentalSection,andwe
estimatethe error in thesevaluesto be approximately+5%.
For the fluorescencedecay measurementsve relied on the
technique of time correlatedsingle photon counting on a
nanosecondime scale?®%° Figure 15 showsthat the fluores-
cencelifetime of 1a is approximatelylO-fold greaterthanthat
of 1c. Themeasuredlecayprofileswerefitted usingmonoex-
ponentialandbiexponentiafunctionsandsomeof theresulting
parameterareshownin Table3. As shownin Figurel6,there
is virtually no differencein the fluorescencedecaydynamics

(49) Lakowicz,J. R. Principles of Fluorescence Spectroscopy; Plenum:
New York, 1983.

(50) A detailedfluorescencelecayanalysisfor a family of paracyclo-
phanestructureswill be the basisof a future publication. Heinrich, J.;
Atherton, S.; Bazan,G. C. Unpublishedwork.

Bazan et al.

of 2a and2c. Both shownearlymonoexponentialecayswith
a lifetime of ~1.1-1.3 ns (Table 3). Note that this value is
similar to that measuredfor the copolymer PPVg-block-
polyNBEq in dilute solution5t

To study the fluorescencedynamics we calculated the
experimentaradiativedecayratesof 1a, 2a, and 2c usingy '
= ®p/z, wherethevaluesfor ®p| andthefluorescencdifetime
r aregivenin Tables2 and3, respectively. Theradiativedecay
rate of 1c was reportedin ref 53. We also calculatedthe
theoreticalradiative decayrate y |, of la—c and 2a—c using
the expressiory?

Y 7r,' = 2/3f7:97:2

Heref, andQ, arethe oscillatorstrengthandthe frequencyof
modev (seeeq9).

Assumingthatonly the delocalizednodellA participatesn
thefluorescencef long moleculesyve obtain0.7 and0.67nst
for the monomer(2c) andthe dimer (2a) decayrates. These
comparewell with experimentalvaluesof 0.55and 0.5 ns™?,
respectively. The calculatedrate constantis somewhatarger
becausenolecularvibrationsandsolventeffectswhich reduce
electroniccoherencevere not takeninto account. The calcu-
lated radiativelifetime of stilbenelc (0.52ns™) is consistent
with the experimentalvalue 0.62—0.67 ns1.53 The radiative
rates of the short dimers behave markedly different. The
experimentaftadiativerateof 1a is significantly slowerandthe
quantumyield is lower than 2a. Assuming that only the
localizedmodelA participatesn fluorescencef theshortdimer
1a, we obtained0.05ns™ for the radiativerate comparedvith
the experimentalvalue of 0.06 ns™%. The calculatedrate is
underestimatetecausehefluorescencelependslsoon states
IB andpossiblyllA of 1a. Thusthe weakoscillatorstrengths
of IA and IB in the short dimers, 1a and 1b, and the fast
relaxationto thesestatedeadto thelongerfluorescencdfetime.

Thequalitativetrendsof the experimentafluorescencapectra
displayedin Figure 12 (dotted curves)can be understoodby
examiningthe computedelectronicodes. Fluorescencspectra
of the monomers,1c and 2c, both show distinct vibronic
structureand have similar Stokesshifts of 0.7 and 0.5 eV,
respectively(definedasthe shift betweenthe strongestpeaks
in absorptiorandemission). Thefluorescencepectreof dimers
2a and 2b havevirtually identical shapego the monomer2c
(seeFigure 4) and show Stokesshifts 0.4, 0.5, and 0.5 eV,
respectively. The spectraof dimers,1a and 1b, are markedly
different. They are broad and featurelessshow no vibronic
structuresandtheir shapesesemblehefluorescencef Pc (see
Figure 6). They show nearly no shift relative to 10, the
monomercontainingthe Pc moiety. The Stokesshifts of 1la
and 1b are large comparedto 1c (0.8, 0.9, and 0.7 eV,
respectivelybut notcomparedo 7. Theseobservationganbe
explainedby assuminghhatin the shortdimersla and1b the
optically excitedllA staterelaxesto thelower lying 1A andIB
states. Thefluorescenceriginatesrom statedA andIB which
arered-shiftedby 0.93 and 0.8 eV with respectto IIA. This
suggestshatthe large Stokesshift may be electronicin origin.
However,in the absencef additionalinformation of excited-
stategeometriesnuclearcontributionto the Stokesshift cannot
be completelyruled out.

(51)Bazan,G. C.; Miao, Y.-J.; Renak,M. L.; Sun,B. J.J. Am. Chem.
Soc. 1996, 118, 2618.

(52) Mukamel,S. Principles of Nonlinear Optical Spectroscopy; Oxford
Press: New York, 1995.

(53) Greene B. I.; HochstrasseRR. M.; Weisman,R. B. Chem. Phys.
1980, 48, 289.
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Figure 14. Contourplots of electronicmodeswhich dominatethe absorptiondimers. The axis labelsrepresenthe individual carbonatomsas
labeledin Figure11. The panelsindicatethe molecule(Figure 11) andthe electronicmode(Figure 12). The monomerslc and2c units areshown
by solid rectanglesThe paracyclophan®c unit is shownby dashedectangle The color codeis givenin Figure13. Mode frequencief 1a (2
=2.91eV, Qp = 3.03eV, Q;an = 3.69eV, Qg = 4.02eV, Qy = 5469V), 1b (Q]A =2.92eV, Qp = 3.01eV, Qa — 3.72¢eV, Q = 4.59
eV, Qu = 547eV), 2a (Q|A = 2.91eV, Qp = 3.036V, Qua = 3.299V, Qi = 3.619V, Q= 5296V), 2b (Q|A = 2.929V, Qp = 3.01eV,
Qua = 3.41eV, Qg =3.86eV, Q) = 5.30 eV)

In contrast,in longer dimers 2a and 2b, the statellA is IA andIB do notshift significantly. Semiempiricatalculations
significantlyred-shiftedsinceit is delocalizedwhereaghestates tend to underestimatdéhe energiesof the low-lying statesin
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Figure 16. Fluorescencéfetime measurementsf compound<a (a)
and2c (b).

cyclophane$® For example,our calculationsgive the energy
of IA in Pc 0.15 eV lower than the experimentalvalue.
Therefore,we concludethat within the accuracyof semiem-
pirical calculationsthe energiesof stateslA and IIB are
comparablevith energyof the optically activetransitionspectra
IIA in 2a and2b. Consequentlyhe separatiorbetween| and

IA(IB) in long dimersis only about0.33eV (0.2 eV). Infact,

thestatedA andIB lie within theline width of optically active
transitionllA. Consequentlythe relaxationof populationto

stateslA andIB uponexcitationof statellA is lessimportant
andthe emissionoriginatesprimarily from theinitially excited
state.

Summary Discussion and Conclusion

We have demonstratedhat it is possibleto synthesizea
sequenceof cyclophanestructuresthat hold togetherchro-
mophoref increasingconjugatioriength. Heck-typereactions
of the brominatedcyclophanes3 and 4a,b, as shownby eqgs
1-6, have been found to be the most reliable entry into
phenylenevinylenstructures. It shouldbe mentionedthatthe
iodocyclophanecounterpartsvork betterin this respec® but
aremoredifficult to preparédn largequantities. Theavailability
of pseudgpara andpseudoertho isomersda and4b allowsfor
the investigationof orientationaleffects.

Importantinsight into the photophysicsof bichromophoric
phanedimerscan be obtainedfrom the optical spectrashown
in Figures3—10. As shownby Figures6 (for 1a and1b) and

(54) Miao, Y.-J, Ph.D.Thesis,University of Rochester1997.
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Figure 17. Collectedemissiondatafor compoundsPc, 5, 7, 6a, and
la.

9 (for 6a and6b) the absorptiordataareaffectedby therelative
orientation of the two chromophoreswvhen theseare either
styreneor stilbene. This perturbatioris consistentvith ground-
stateinteractionsbetweerthetwo subunits. Despitecontaining
thesamestructuralrelationshipasfor 1a and1b, theabsorption
spectrumof 2a is nearlyidenticalto thatof 2b (Figure4).

Exocyclicsustituentsnakea contributionto the excited-state
energyof the “phane”state. This effectis illustratedin Figure
17 wherethe emissionrmaximafor differentderivativesshowa
progressiveed-shift,dependenbn the conjugationlengthand
numberof substituentdinked to Pc. Therefore,the “phane”
state diffuses partly from the Pc core onto the conjugated
substituents.

The nature of the optical excitationsof 1lab and 2a,b is
illustratedby using a two-dimensionakepresentatiomf elec-
tronic normalmodesin real space. Theseplots revealan off-
diagonalsize associatedvith relative (centerof mass)motion
of electror-hole pairs createdupon optical excitation. The
lowestfrequencyelectronicmode,localizedon the paracyclo-
phane group of the dimer, makesa small contribution in
absorptiorof all aggregatedyut dominateghe emissionspectra
of smalldimersla and1b, leadingto alargeelectronicStokes
shift. Thetwo lower energyelectronicmodesjocalizedonthe
monomericunits, dominatethe linear absorptionof all ag-
gregatesndthe fluorescencef long dimers2a and2b. Their
electroniccoherencesgeflectthe chargedelocalizatiorbetween
monomersand strongly dependon the relative chromophore
orientation. Thesecalculationsaccountfor all observedrends
in absorptionspectrafluorescenceStokesshift, and radiative
lifetimes,andestablisha rigorousconnectiorbetweerthe optical
responsef aggregatesndthe propertiesof the monomers.

The CEO analysisleadsto the qualitative energydiagram
for the photoexcitationdynamicsshown in Schemel. We
assumethat in all casesthe most significant absorptionis
attributedto the “monomer” chromophorej.e. stilbenein the
caseof la. Thereis asecondexcitedstateto considernamely
one which containsthe paracyclophaneore. This statewill
be referredto asthe “phane” stateand containsthe through-
space(z—x) delocalizatiorf®>46 Emissionfrom this stateis
broad and featurelessand similar to that which characterizes
excimers. Two situationsmay be encounteredafter photon
absorption. For thesmallerchromophorestyreneandstilbene
the energyof the localizedexcitationis higherthanthat of the
state containing the paracyclophanecore (a in Schemel).
EnergymigratiorP® transfersthe excitationfrom the localized
“monomer” and emissiontakesplacefrom the “phane” state.
In addition,the extinctioncoefficientfor directexcitationfrom

(55) Here we usethe term “energy migration” but it could be argued
thatthe term “internal conversion”is adequateaswell.
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the groundstateis weak. Populationof the “phane” statevia
energytransfershouldresultin a relatively long-lived excited
state,asobservedn Figure 15.

The secondsituationis whenthe energyof the “monomer”
is lower thanthe correspondingphane” state(b in Schemel).
Thisis thesituationfor vinylstilbene(i.e.,9) anddistyrylbenzene
(i.e.,10 or 2a,b). Underthesecircumstancethereis nodriving
forcefor energymigrationandthe excitationremaindocalized.
Exceptfor the shift dueto the Pc moiety (seel0 in Figure8),
thereis thereforenegligible differencebetweenthe spectraof
the parentcompound2c andthe dimers2a,b.

Experimental Section

General Details. All manipulationsinvolving air-sensitiveorga-
nometallic reagentswere carried out using techniquesas described
previously®® H and'3C{*H} NMR spectravererecordecbn a Bruker
AMX-400 NMR spectrometeoperatingat 400.1 and 100.6 MHz,
respectively. UV —vis absorptionspectrawererecordedon a Perkin-
Elmer Lambdal9 spectrophotometesnd photoluminescencspectra
on a SpexFluorolog 2 spectrometem spectralgradehexane. High-
resolutionmassspectrometrywvas performedby the NebraskaCenter
for Mass Spectrometryat the University of Nebraska-Lincoln.
Elementabnalysisvereperformecdby DesertAnalytics. Reagentsvere
obtainedfrom Aldrich andusedasreceived. Pseudge- and pseudo-
o-dibromo[2.2]paracyclophaneerepreparedandpurified asdescribed
previously?* Flashchromatographiseparationsverecarriedout using
the BiotageFlash40 system.

Solutionsfor fluorescenceneasurementaere preparedo specific
concentrationssuch that the maximum absorbancevas ~0.1. All
manipulationswere performedinside a nitrogen-filled gloveboxand
the solutionswere introducedinto a quartz cuvetteequippedwith a
Teflon needlevalve to minimize contactwith oxygen. Fluorescence
wasmeasureat right anglesusinga 1-cmcuvette. Thequanturryield
is calculatedfrom the relation:

AsdAsid ][ Todsd

unk

P

unk Std Aunk(;tunk) unk(/‘t

wherethe subscriptsstd and unk indicatethe standardand unknown
sample,A(1) correspondgo the absorbanceof the solution at the
exciting wavelength, 1(1) is the intensity of the exciting beam
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(assumedo be equalfor both measurementsandD is the integrated
luminescencepectrum. Stilbeneandanthracen® areusedasstandards
in all quantumyield determinationexperiments. The detailsfor the
lifetime measurementsaveappearegreviously>®
4-Vinyl[2.2]paracyclophane (5). A high-pressuresteel bomb
chargedwith 4-bromoparacyclophan@.31g, 15.0mmol), Pd(OAc)
(52 mg, 0.23 mmol), tri(o-tolyl)phosphine (282 mg, 0.93 mmol),
triethylamine(5 mL), andDMF (50 mL) waspressurizedvith ethylene
(100 psi) andventedthreetimesto purgethe systemof oxygen. The
vesselwas then pressurizedwith ethylene(100 psi) and sealedand
then heatedto 100 °C while stirring with a mechanicaistirrer for 2
days. Thereactionmixture wasthendiluted with waterto precipitate
the crude product,which was filtered off and rinsedwith additional
water. This materialwas dissolvedin chloroformandfiltered into a
clean flask to remove insoluble palladium impurities, then dried
(MgSQy). Purificationby flash chromatographyhexanesyields 2.9
g (83%)of purewhite powder. *H NMR (CDCl): 6.78(dd,J=17.4,
10.9Hz, 1 H); 6.70(dd, J = 7.9, 1.8 Hz, 1H); 6.53—6.37 (multiplets,
6H); 5.52(dd,J = 17.4,1.4Hz, 1 H); 5.27(dd, J = 10.9,1.4Hz, 1
H); 3.46 (m, 1 H); 3.11—2.91 (m, 6 H); 2.79(m, 1 H). Calcd for
CigHis: C, 92.3;H, 7.7. Found: C, 92.02;H, 7.91.
4,16-Divinyl[2.2]paracyclophane (6a). A 50-mL round-bottom
flask chargedwith a Teflon-coatedtir bar,4,16-dibromoparacyclophane
(366 mg, 1 mmol), Pd(OAc} (10.5 mg, 0.047 mmol), tris(o-tolyl)-
phosphine(71 mg, 0.23 mmol), triethylamine(1 mL), and DMF (5
mL) wasplacedinto a high-pressursteelbombcontainingathin layer
(2 cm) of sand. (The sandwas usedto efficiently transferheatfrom
thewalls of the bombto the round-bottonflask.) The vessewasthen
pressurizedwith ethylene (100 psi) and ventedthree times. After
repressurizingvith ethyleneg(100psi), the apparatusvasheatedo 100
°C for 24 h, while the reactionmixture was stirred using a magnetic
stir plate. The bombwasthenventedandthe contentsof the round-
bottom flask were diluted with Et,O andfiltered to removecolorless
crystalsof NEt:Br. Thefiltrate waspurified by flash chromatography
(hexanesjo yield 235mg (90%) of clearcolorlesscrystals. *H NMR
(CDCly): 6.80(dd,J=17.4,10.9Hz, 2 H); 6.64(dd,J =7.7,1.8Hz,
2 H); 6.54(d, J = 1.8 Hz, 2 H); 6.31(d, J = 7.7 Hz, 2 H); 5.51(dd,
J=17.4,1.4Hz, 2 H); 5.27(dd, J = 10.9,1.4 Hz, 2 H); 3.45(m, 2
H); 3.1-2.9 (m, 4 H); 2.8 (m, 2 H). Calcdfor CyHze: C, 92.3;H,
7.7. Found: C, 91.58;H, 7.82.
4,12-Divinyl[2.2]paracyclophane (6b). A 50-mL round-bottom
flask chargedwith a Teflon-coatedstir bar,4,16-dibromoparacyclophane
(500 mg, 1.37 mmol), Pd(OAc} (12 mg, 0.05 mmol), tris(o-tolyl)-
phosphing81 mg, 0.27mmol), triethylamine(2 mL) andDMF (9 mL)
was placedinto a high-pressuresteelbomb containinga thin (2 cm)
layerof sand. Theround-bottonflask wasfitted with arubberseptum
andventedwith a short18 gaugeneedle. The bombwasthensealed
andpressurizedvith ethylene(100 psi) andventedthreetimes. After
repressurizingvith ethylene(100 psi), the vesselwas heatedto 100
°C for 23 h, while the reactionmixture was stirred using a magnetic
stirring plate. Thebombwasthenventedandthe contentsf theround-
bottomflask werediluted with waterto precipitatethe crudeproduct.
The solid was filtered off and rinsed with water, then dissolvedin
chloroform and filtered into a clean flask and dried (MgSQy).
Purification by flash chromatographyhexanesyields 346 mg (97%)
of white microcrystals. *H NMR (CDCly): 6.80(brs,2 H); 6.76(dd,
J=17.5,11.0Hz, 2 H); 6.49(br s, 4 H); 5.54(dd, J = 17.4,1.3 Hz,
2 H); 5.25(dd, J = 11, 1.3 Hz, 2 H); 3.51(m, 2 H); 3.13(m, 2 H);
2.90-2.73(m, 6 H). 3C{*H} NMR (CDCl): 139.6,137.5,137.2
(quat.), 134.9, 134.5, 131.9, 126.7, 114.0, 34.1, 33.9. Calcd for
CaoHz0: C, 92.3;H, 7.7. Found: C, 91.82;H, 7.88.
4-Styryl[2.2]paracyclophane (7). A 25-mLround-bottonflaskwas
chargedwith a Teflon-coatedstir bar, 4-bromoparacyclophang@12
mg, 0.74 mmol), Pd(OAc) (5 mg, 0.022 mmol), NBusCl (213 mg,
0.77mmol), K.COs (274mg, 1.98mmol), styreng(0.2mL, 1.75mmol),
and DMF (8 mL). After fitting with a Kontesvalve vacuumline
adapter the flask was evacuatedand back-filled with nitrogenthree
times. Thereactionmixture wasthenheatedat 100 °C for 23 h with

(56) Burger, B. J.; Bercaw, J. E. In Experimental Organometallic
Chemistry; Wayda,A. L., DarrensbourgM. Y., Eds.;ACS Symp.Ser.357;
AmericanChemicalSociety: WashingtonDC, 1987.

(57)Eaton,D. F. Pure Appl. Chem. 1988, 60, 1107.
(58) Khan,M. I.; Renak M. L.; Bazan,G. C.; Popovic,Z. J. Am. Chem.
Soc. 1997, 119, 5344.
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stirring. The cooledreactionmixture wasdiluted with Et,O (20 mL)
and extractedwith water (8 x 5 mL). The organiclayer was then
dried(MgSQy) andpurified by flashchromatographyhexanesjo yield
172mg (75%) of colorlesscrystals. A single-crystaX-ray diffraction
experimentvascarriedout on oneof these. *H NMR (CDCly): 7.58
(d,J=7 Hz, 2 H, o-phenyl);7.41(t, J= 7.4Hz, 2 H, m-phenyl);7.30
(t, J=7.3Hz, 1 H, p-phenyl);7.20,6.90(AB spinsystem,J = 16 Hz,
1 H each,vinyl); 6.71(dd,J=7.8,1.8Hz, 1 H); 6.67(d,J = 1.4 Hz,
1 H); 6.55-6.43(m, 5 H); 3.60(m, 1 H); 3.17-2.81(m, 7 H). 3C-
{H} NMR (CDCly): 139.9,139.4,139.3,138.4,137.9,137.4(quat.),
135.0,133.0,131.8,131.75,130.2,129.8,129.2,128.8,127.5,126.9,
126.5, 35.5, 35.3, 34.9, 34.0. Calcd for CoHp: C, 92.9; H, 7.1
Found: C, 92.97;H, 6.99.

4,16-Distyryl[2.2]paracyclophane (1a). A 100-mL round-bottom
flask waschargedwith a Teflon-coatedstir bar, 4,16-dibromoparacy-
clophane(323 mg, 0.88 mmol), styrene(0.3 mL, 2.6 mmol), triethy-
lamine(2 mL), andDMF (25 mL). Thereactionflask wasfitted with
a Kontes vacuumline adapterand evacuatedand back-filled with
nitrogenthreetimes. This was transferredinto an inert atmosphere
glovebox, where Pd(OAc} (4 mg, 0.018 mmol) and tris(o-tolyl)-
phosphine(21 mg, 0.07 mmol) were addedto the flask. The flask
wasthenfitted with a septum(securedwith wire) and heatedto 100
°C for 2 dayswhile stirring. The cooledreactionmixture wasdiluted
with waterto afford atanprecipitate which wasfiltered off andrinsed
with water. Thesolid wasdissolvedn chloroform filteredinto aclean
flask,anddried(MgSQy). After filtering off theMgSQ, thechloroform
solution was reducedin volume and layeredwith hexanego afford
171mg (47%) of colorlesscrystalsuponstandingovernight. 'H NMR
(CDCly): 7.57(d,J =7.2Hz, 2 H, o-phenyl);7.40(t, J= 7.4 Hz, 2
H, m-phenyl);7.28(t, J= 7.4Hz, 1 H, p-phenyl);7.21,6.87 (AB spin
system,J = 16.1Hz, 1 H each,vinyl); 6.68-6.61(m, 2 H); 6.40(d,
J=7.7Hz, 1 H); 3.59(m, 1 H); 3.11(m, 1 H); 3.03-2.89(m, 2 H).
BC{'H} NMR (CDCl): 139.5,138.2,137.9, 137.4 (quat.), 133.6,
130.2,129.5,129.3,128.7,127.5,127.0,126.5,34.5,33.3. HREI Calcd
for CsoHog = 412.2191. Found412.2187. Calcdfor CaHog: C, 93.2;
H, 6.8. Found: C, 92.26;H, 6.59.

4,12-Distyryl[2.2]paracyclophane (1b). A 50-mL round-bottom
flask waschargedwith a Teflon-coatedstir bar, 4,12-dibromoparacy-
clophane (252 mg, 0.69 mmol), styrene (0.2 mL, 1.75 mmol),
triethylamine(2 mL), andDMF (10 mL). Thereactionflask wasfitted
with a Kontesvacuumline adapteandevacuate@ndback-filled with
nitrogenthreetimes. This was transferredinto an inert atmosphere
glovebox,wherePd(OAc} (3 mg, 0.013mmol) andP(o-tol)s (15 mg,
0.049mmol) wereaddedto the flask. The flask wasthenfitted with
a septum(securedwith wire) and heatedto 100 °C for 2 dayswith
stirring. The cooledreactionmixture wasfiltered throughCelite and
diluted with chloroform. The solutionwasextractedwith water(5 x
10 mL) andthendried (MgSQy). After removingthe volatilesunder
vacuum,the crudeproductwaspurified by flash chromatography5:1
hexanes:chloroforntp afford 130mg (46%)of colorlesscrystals.These
canberecrystallizedrom warmpentaneo obtainX-ray quality single
crystals. *H NMR (CDCly): 7.46(d,J= 7.6Hz, 2 H, o-phenyl);7.38
(t, J=7.9Hz, 2 H, mphenyl); 7.29(t, J = 7.3 Hz, 1 H, p-phenyl);
7.22,6.87(AB spinsystemJ = 16.2Hz, 1 H each,vinyl); 6.93(d, J
= 1.5Hz, 1 H); 6.56 (d, secondorder,J = 7.8 Hz, 1 H); 6.52 (dd,
secondorder,d = 7.9, 1.5 Hz, 1 H); 3.64(m, 1 H); 3.18 (m, 1 H);
2.97-2.84 (m, 2 H). 3C{*H} NMR (CDCly): 139.7,138.0,137.7,
136.8(quat),135.0,131.8,128.7,127.5,126.7,126.6,125.9,34.5,34.0.
Calcdfor CaoHag: C, 93.2;H, 6.8. Found: C, 93.13;H, 6.91.

2,5-Dimethylstilbene (1c). A 10-mL pear-shapeflaskwascharged
with a Teflon-coatedbtir bar,2-bromop-xylene(0.37mL, 1.49mmol),
styrene(0.37 mL, 3.22 mmol), andtriethylamine(5 mL). The flask
wasfitted with a Kontesvacuumline adapterandevacuatedndthen
back-filled with nitrogen three times. The sealed assemblywas
transferrednto aninertatmospherglovebox,wherePd(OAc}) (6 mg,
0.027 mmol) and P(o-tol); (32 mg, 0.11 mmol) were addedto the
reactionmixture. The flask wasfitted with a rubberseptum(secured
with wire) andthenheatedo 100 °C with stirringfor 12h. Thecooled
reactionmixture wasdiluted with Et,O, andthe insolubletriethylam-
monium bromide was filtered off. The massof triethylammonium
bromideisolated (263 mg, 53%) and GC/MS analysisof the crude
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reactionmixture indicatedthat only approximatelyhalf of the 2-bro-
moparaxylenestartingmaterial had beenconsumed. Purification by
flashchromatography3:1 hexanes/chloroforngffords136 mg (24%)
of white crystalsfollowing crystallizationin the freezerovernight.

Bis-4,16-(4-car boxaldehyde-styryl)[2.2] par acyclophane (8). Work
was performedin an inert atmospheregglovebox. A 25-mL round-
bottomflask was chargedwith a Teflon-coatedstir bar, 4,16-divinyl-
[2.2]paracyclophanél23mg, 0.47mmol), 4-bromobenzaldehydd 77
mg, 0.96 mmol), Pd(OAc} (3 mg, 0.013 mmol), NBu,Br (317 mg,
0.98 mmol), K2CGO; (149 mg, 1.08 mmol), and dimethylacetamid¢6
mL). Theresultingreactionmixturewasheatedor 2 dayswith stirring
at 105 °C. The crude product mixture was diluted with water and
filtered. A graysolid wascollectedandwashedwith two portions(15
mL) of chloroformandthentransferredo a 100-mL Erlenmeyefflask.
Thesolid waswarmedwith 50 mL of chloroformandfiltered hot. The
solid which remainedon the fritted funnel was extractedagainwith
hot chloroform and repeatedfor a total of three extractions. The
combinedfiltrate was reducedin volume on a rotary evaporatorto
obtain96 mg (43%) of brightyellow crystals. *H NMR (CDCl): 10.00
(s, 1 H, CHO); 7.90, 7.70 (AA'BB' pattern,J = 8 Hz, 2 H each,
aromatic);7.37,6.92(AB patternJ = 16.0Hz, 1 H eachtrans-alkene);
6.73(d,J=1.5Hz, 1 H, cyclophane)6.64(dd,J = 1.5,7.8Hz, 1 H,
cyclophane)6.43(d, J = 7.7Hz, 1 H, cyclophane)3.61,3.15,3.05—
2.92(m, 4 H total, CH). Calcdfor C3sH202: C, 87.15;H, 6.02; 0,
6.83. Found: C, 87.07;H, 5.92;0, 6.75.

Bis-4,16-(4-vinyl-styryl)[2.2] par acyclophane (9). A THF solution
(10 mL) of theylide reagentCH,PPh, was preparedupondropwise
addition of LDA (2.0 M, 0.28 mL, 0.56 mmol) to a slurry of CHs-
PPhBr (203 mg, 0.57 mmol) at 0 °C. This solutionwasallowedto
stir for 1.5h at 0 °C andwasthentransferredvia cannulato a second
THF slurry (10 mL) of bis-4,16-(4-carboxaldehyde-styryl)[2.2]-
paracyclophang80 mg, 0.17 mmol). The mixture was gradually
warmedto ambienttemperatureand left to stir for 3 h upon which
time thereactionwasquenchedy addinganaqueousNH,CI solution.
The THF solventwas removedusing a rotary evaporatorand then
chloroform was addedand extractedwith water (2 x 25 mL). The
organicphasewascollectedanddried (MgSQ,) amdthen purified by
columnchromatography3:1 hexanes:chloroformtp yield 35 mg (42%)
of bright lemonyellow microcrystals. 'H NMR (CDCl): 7.53,7.44
(AA'BB’ pattern,J = 8.3 Hz, 2 H each,aromatic);7.21, 6.86 (AB
patternJ = 16.2Hz, 1 H each trans-alkene);6.73(dd,J = 10.9,17.6
Hz, 1 H, vinyl); 6.67(d,J = 1.6 Hz, 1 H, cyclophane)6.63(dd,J =
1.7,7.7Hz, 1 H, cyclophane)6.40(d, J = 7.7 Hz, 1 H, cyclophane);
5.78(dd,J = 0.7,17.6Hz, 1 H, vinyl); 5.26(dd,J = 0.7,10.9Hz, 1
H, vinyl); 3.59,3.11,3.01,2.94(m, 1 H each,CH,). *C{*H} NMR
(CDCly): 139.5,138.2,137.5,137.3,136.8(quaternary)136.4,133.6,
130.1,129.5,128.9,126.9,126.64,126.61,113.7(aromaticandvinyl),
34.5,33.4(CH,). Calcd.for CseHsz: C, 93.06;H, 6.94. Found: C,
92.95;H, 6.77.

p-Vinylbenzylphosphonium Chloride. A toluene(50 mL) solution
of p-vinylbenzylchloride (90%, 8.7 g, 51.3mmol) andtriphenylphos-
phine(13.1g, 49.9mmol) washeatedwith stirringto 110°C for 12 h.
Theresultingwhite crystallinesolid wasfiltered off andwashedwith
tolueneandthendried undervacuum. Yield 12.6g (61%). 'H NMR
(CDCly): 7.74(m, 9H, PPh); 7.60(m, 6 H, PPh); 7.12,7.04(AA'BB’
pattern,d = 8 Hz, 2 H each,aromatic);6.57 (dd,J = 10.9and 17.4
Hz, 1 H, vinyl); 5.65(d, J= 17.5Hz, 1 H, vinyl); 5.52(d, Jpn = 14.7
Hz, 2 H, benzylic);5.20(d, J = 10.8Hz, 1 H, vinyl).

trans-4,4'-tert-Butylvinylstilbene. To anEtO suspension/solution
of p-vinylbenzylphosphoniunchloride (3.99g, 9.6 mmol) and4-tert-
butylbenzaldehyd¢l.7 mL, 10.1 mmol) wasaddedLiOEt (1.0 M in
EtOH, 10 mL) dropwiseover 30 min. The resultinghomogeneous
solutionwasextractedvith waterandbrineandthendriedover MgSQ..
The crude productmixture was purified by column chromatography
(hexanes).Theinitial fractionscontainingthecisisomerwerecombined
andheatedwith a smallamountof |, to catalyzethe isomerizationto
the desiredtrans isomer. The later fractions containingpure trans
isomerwerethencombinedwith theisomerizedractionsto afford 1.93
g (77%) of product. *H NMR (CDCl;): 7.45,7.38(AA'BB' pattern,
4 H each,aromatic);7.09,7.03 (AB pattern,2H, J = 16.4Hz); 6.70
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(dd,d = 10.8,17.6 Hz, 1H, vinyl); 5.74(dd,J = 0.8,17.6 Hz, 1 H);
5.22(dd,J = 0.8,10.9Hz, 1 H, vinyl); 1.32(s, 9 H, tert-butyl).

4-(4'-tert-Butylstyryl)styryl[2.2]par acyclophane (10). A 25-mL
round-bottomflask was chargedwith a Teflon-coatedstir bar, 4-bro-
moparacyclophan€¢l75 mg, 0.61 mmol), Pd(OAc} (14 mg, 0.062
mmol), NBu,Cl (290 mg, 1.04 mmol); K.COs; (250 mg, 1.81 mmol),
4,4 -tert-butylvinylstilbene(158 mg, 0.602mmol), and DMF (7 mL).
After fitting with a Kontesvalve vacuumline adapterthe flask was
evacuatedand back-filled with nitrogen three times. The reaction
mixture wasthenheatedat 100 °C for 1 daywith stirring. Thecooled
reactionmixture wasdiluted with CHCI; (100 mL) andextractedwith
water(8 x 20 mL). Theorganicphasewasthendried (MgSQ,) and
purified by flash chromatographyhexanesjo yield 149 mg (53%) of
bright fluorescentyellow powder. *H NMR (CDCl): 7.55, 7.52
(secondorderAA'BB' patternJ = 9 Hz, 4 H, 1,4-substitutedirene);
7.47,7.39(AA'BB’ patternJ = 8 Hz, 2 H each,1,4-substitutedrene);
7.19,6.88 (AB pattern,J = 16.2Hz, 1 H each,trans-alkene);7.14,
7.08(AB patternJ = 16.4Hz, 1 H each trans-alkene);6.69(dd,J =
1.8, 7.9 Hz, 1 H, paracyclophane)6.66 (d, J = 1.3 Hz, 1 H,
paracyclophane).56—6.42 (overlappingmultiplets,5 H, paracyclo-
phane);3.59(m, 2 H, CHy); 3.19-2.78 (overlappingmultiplets,6 H,
CHy); 1.34(s,9 H, tert-butyl). *C{*H} NMR (CDCl): 150.9,139.9,
139.34,139.27,138.4,137.4,137.1,136.9,134.6(quaternary)135.0,
133.0,131.8,131.7,130.1,129.9,128.8,128.4,127.5,126.8,126.7,
126.3,125.7 (aromatic),35.5, 35.3, 34.9, 34.0 (CH,), 34.7 (CMe3),
31.3(CMe;). Calcdfor CseHze: C, 92.3;H, 7.7. Found: C,91.82;H,
7.97.

4,16-Big[4-(4'-tert-butylstyryl)styryl][2.2] par acyclophang(2a). A
25-mL round-bottorrflask was chargedwith a Teflon-coatedstir bar,
4,16-dibromoparacyclopharf@08 mg, 0.295mmol), 4,4 -tert-butylvi-
nylstilbene(154 mg, 0.59mmol), Pd(OAc} (3 mg, 0.013mmol), tris-
(o-tolyl)phosphine(16 mg, 0.053 mmol), triethylamine(1 mL), and
DMF (5 mL). Theflask wasfitted with a Kontesvacuumline adapter
and then evacuatedand back-filled with nitrogenthreetimes. The
sealedassemblywas then heatedto 100 °C with stirring for 2 days.
The cooledreactionmixture wasdiluted with waterto afford a yellow
precipitate,which wasfiltered off andrinsedwith water. The solid
was dissolvedin chloroform andfiltered into a cleanflask and then
dried (MgSQy). Purification by flash chromatography(hexanes/
chloroform)yields 82 mg (38%) of bright fluorescentyellow powder.
I1H NMR (CDCl): 7.56,7.53 (second-ordeAA'BB’, J = 8.8 Hz, 4
H, phenyl);7.47,7.39(AA'BB’, J = 8.5Hz, 4 H, phenyl);7.22,6.88
(AB spinsystem,J = 16.0Hz, 2 H, vinyl); 7.14,7.09(AB spinsystem,
J=16.2Hz, 2 H, vinyl); 6.69(d,J = 1.8Hz, 1 H); 6.65(dd,J = 7.7,
1.8Hz, 1H); 6.41(d, J = 7.7 Hz, 1 H); 3.61(m, 1H); 3.12(m, 1 H);
3.04-2.88(m, 2 H); 1.33(s, 9 H). 3C{*H} NMR (CDCl): 150.9,
139.5,138.2,137.4,137.1,136.9,134.6,133.6,130.1,129.5,128.9,
128.4,127.5,126.8,126.3,125.7,34.6,34.5,33.4,31.3. HREI Calcd
for CseHss: 729.12. Found: 728.44. Calcdfor CseHse: C, 92.2; H,
7.7. Found: C, 92.06;H, 7.73.

4,12-Big[4-(4'-tert-butylstyryl)styryl][2.2] par acyclophane (2b). A
25-mL round-bottormflask was chargedwith a Teflon-coatedstir bar,
4,12-dibromoparacyclophar{@02 mg, 0.28 mmol), 4,4 -tert-butylvi-
nylstilbene (147 mg, 0.56 mmol), Pd(OAc}) (3.3 mg, 0.015 mmol),
tris(o-tolyl)phosphing 18 mg, 0.059mmol), triethylamine(1 mL), and
DMF (5 mL). Theflask wasfitted with a Kontesvacuumline adapter
and then evacuatedand back-filled with nitrogenthreetimes. The
sealedassemblywas then heatedto 100 °C with stirring for 2 days.
The cooledreactionmixture wasdiluted with waterto afford a yellow
precipitate,which wasfiltered off andrinsedwith water. The solid
was dissolvedin chloroformandfiltered into a cleanflask and then
dried (MgSQy). Purification by flash chromatography(hexanes/
chloroform)yields 65 mg (32%) of bright fluorescentyellow powder.
IH NMR (CDCl): 7.53,7.45 (second-ordeAA'BB', J = 8.3 Hz, 4
H, phenyl);7.49,7.39(second-ordehA'BB’, J = 8.4Hz, 4 H, phenyl);
7.21,6.87(AB spinsystemJ = 16.3Hz, 2 H, vinyl); 7.17,7.11(AB
spinsystemJ = 16.3,2 H, vinyl); 6.94(d, J = 1.4Hz, 1 H); 6.54(d,
J=7.8Hz, 1H); 6.50(dd,J = 7.8,1.4Hz, 1 H); 3.64(m, 1 H); 3.18
(m, 1 H); 2.96-2.83(m, 2 H); 1.34(s, 9 H, tert-butyl). 3C{'H} NMR
(CDCl): 150.9,145.9,139.7,138.0,136.9,136.8,135.0,134.6,131.8,
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128.4,128.3,127.6,126.9,126.8,126.6,126.3,125.7,34.7,34.5,34.1,
31.3. Caledfor CsgHse: C, 92.2;H, 7.7. Found: C, 91.42;H, 7.85.

4-(2,5-Dimethylstyryl)-4'-tert-butylstilbene (2c). A 25-mLround-
bottom flask chargedwith 4,4-tert-butylvinylstilbene (0.1 g, 0.38
mmol), 2-bromop-xylene (0.085 g, 0.46 mmol), Pd(OAc) (7 mg,
0.0031mmol), tris(o-tolyl)phosphine(12 mg, 0.0034mmol), triethy-
lamine (3 mL), and DMF (5 mL) was heatedto 120 °C for 2 days.
The crudereactionmixture was pouredinto waterand extractedwith
chloroform. Thevolatileswerestrippedundervacuumandtheresidue
purified by flash chromatographyhexanes/chloroforntp give 82 mg
(60%) of product. *H NMR (CDCly): 7.50(s, 4 H, aromatic);7.46,
7.38(AA'BB' pattern,d = 6.6 Hz, 2 H each,aromatic);7.42 (br s, 1
H, aromatic);7.32,6.98 (AB pattern,d = 16.1Hz, 1 H each,trans-
alkene);7.11,7.06 (AB patternJ = 16.3Hz, 1 H each trans-alkene);
7.06(d,J=8Hz, 1H, aromatic);6.99(brd,J =8 Hz, 1 H, aromatic);
2.39,2.35(s, 3 H each,methyl); 1.33 (s, 9 H, tert-butyl). 3C{'H}
NMR (CDCls): 150.8,136.9,136.8,136.1,135.5,134.6,132.8(quat),
130.4,129.3,128.36,128.35,127.5,126.8,126.7,126.4,126.2,125.9,
125.6,34.7,31.3,21.1,19.5.

X-ray Diffraction Structure Determination of 4b. Singlecrystals
of 2b (CieH14Br2; FW = 366.09)were grown uponslow diffusion of
hexanesnto a concentratedCHCI; solution. A colorlessfragmentof
approximatedimension€).08 x 0.10 x 0.22mm? wasseparatedrom
a collectionof crystalsunderParatone-8277ountedunderoil on a
glassfiber, andimmediatelyplacedin a cold nitrogenstreamat —80
°C on the X-ray diffractometer. The X-ray intensitydatawerecollected
on astandardSiemensSMART CCD AreaDetectorSystemequipped
with a normal focus molybdenumtarget X-ray tube operatedat 2.0
kW (50kV, 40mA). A totalof 1321framesof data(1.3hemispheres)
werecollectedusinga narrowframemethodwith scanwidths of 0.3°
in @ and exposuretimes of 10 s/frame using a detector-to-crystal
distanceof 5.094 cm (maximum 20 angle of 45°). The total data
collectiontime wasapproximately6 h. Frameswereintegratedwith
the SiemensSAINT programto yield a total of 4219 reflections,of
which 1768wereindependen(R = 3.85%,Rsig = 5.61%)and 1609
wereabove2o(F). Theunitcell parameteréat—80°C) of a= 12.2397-
(6) A andc = 7.8363(5A werebasedipontheleast-squargsfinement
of three-dimensionatentroidsof 2618 reflections. The spacegroup
was assignedas P3; (Z = 3) on the basisof systematicabsencedy
usingthe XPREPprogram(SiemensSHELXTL 5.04). Thestructure
was solvedby using direct methodsand refined by full-matrix least-
squareon F 2. All non-hydrogeratomswere refined anisotropically
with hydrogenatomsincludedin idealizedpositionsgiving a data/
parameterratio of approximately11:1. The structurerefined to a
goodnesof fit (GOF) of 1.002andfinal resultsof Ry = 3.97% (I >
20(I)), WR, = 8.54%(I > 24(I)).

X-ray Diffraction Structure Determination of 7. Singlecrystals
of 7 (CasH22 FW = 310.42)were grown from hexanes. A colorless
fragmentof approximatedimension€.38 x 0.28 x 0.26 mm wascut
from alargeblock-shapedinglecrystalunderParatone-827 mounted
underoil on a glassfiber, andimmediatelyplacedin a cold nitrogen
streamat —80 °C on the X-ray diffractometer. The X-ray intensity
datawerecollectedon a standardSiemensSMART CCD AreaDetector
Systemequippedwith a normalfocus molybdenum-targeX-ray tube
operatedat 2.0 kW (50 kV, 40 mA). A total of 1321 framesof data
(1.3 hemispheresyvere collectedusing a narrow frame methodwith
scanwidths of 0.3° in @ and exposuretimes of 60 s/frameusing a
detector-to-crystalistanceof 5.094cm (maximum?26 angleof 56.52).
Thetotal datacollectiontime was~24h. Framesvereintegratedvith
the SiemensSAINT programto yield a total of 9529 reflections,of
which 3782wereindependen(R. = 2.64%,Rsiq; = 3.83%)and 2727
wereabove2o(F). Theunitcell parametergat—80°C) of a= 19.5096-
(6) A, b =11.2834(3)A, andc = 7.7184(2)A, andg = 97.804(1)
were basedupon the least-squaresefinementof three-dimensional
centroidsof 4256reflections. The spacegroupwasassignedsP2;/c
(Z = 4) on the basisof systematicabsencesy using the XPREP
program(SiemensSHELXTL 5.04). Thestructurewvassolvedby using
directmethodsandrefinedby full-matrix least-squaresnF 2. All non-
hydrogenatoms were refined anisotropicallywith hydrogenatoms
included in idealized positions giving a data/parameterratio of
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approximatelyl6:1. The structurerefinedto a goodnes®f fit (GOF)
of 1.050andfinal resultsof Ry = 5.11%(l > 20(1)), wR, = 12.26%
(r > 20(D).
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